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ABSTRACT Two tet(X4)-positive Enterobacter cloacae isolates TECL_1 and TECL_2 were
isolated from pigs in China. S1-PFGE and Southern blotting showed that tet(X4) located
on plasmids in the size of ~290 kb and ~190 kb in TECL_1 and TECL_2, respectively.
Conjugation experiment demonstrated that the tet(X4)-harboring plasmid can transfer
from the donor strain TECL_1 and TECL_2 to the recipient strain Escherichia coli J53, and
the tigecycline resistance of transconjugants was increased by 128-fold and 64-fold com-
pared with E. coli J53, respectively. We obtained the complete plasmid sequence of
pPTECL_2-190k-tetX4 (190,185 bp) from E. cloacae TECL_2 and found that the plasmid
was a hybrid plasmid with replicon types of IncFIA, IncHITA and IncHI1B. We further
analyzed 85 tet(X4)-carrying plasmids in the public database and clarified that pTECL_2-
190k-tetX4-like plasmid was widespread in multiple species of Enterobacteriaceae.

IMPORTANCE We identified two tet(X4)-positive E. cloacae isolates, which has not been
previously reported. We obtained the complete sequence of pTECL_2-190k-tetX4 and
found that it was a hybrid plasmid with multiple replicon types, including IncFIA, IncHITA
and IncHI1B. By comparing all the known tet(X4)-carrying plasmids, we found that pTECL_2-
190k-tetX4-like plasmid has been disseminated across various species in China. Our study
expanded the identification of tet(X4)-positive species and emphasized that pTECL_2-190k-
tetX4-like plasmid has spread widely in various species.

KEYWORDS tet(X4), tigecycline resistance, Enterobacter cloacae

nterobacter cloacae is one of the members of Enterobacteriaceae, which was reported

as an important opportunistic microbial pathogen for a broad range of hospital-
acquired infections (1). Tigecycline is a last-resort antibiotic for the treatment of life-
threatening infections caused by multidrug-resistant bacteria, such as carbapenem-
resistant Enterobacteriaceae (2). In recent years, the tigecycline resistance gene tet(X) has
been reported to mediate high-level resistance to all tetracycline antibiotics in isolates
from animals, humans and the environment, posing a significant risk to public health (3-5).
In 2019, a plasmid-borne high-level tigecycline resistance gene tet(X) was identified (6).
Herein, we identified two E. cloacae isolates harboring plasmid-mediated tet(X) gene, which
has not been reported, and further analyzed the genetic context of the tet(X4)-carrying plas-
mid pTECL_2-190k-tetX4.
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FIG 1 The plasmid structure of pTECL_2-190k-tetX4. (a) The location of tet(X4) in E. cloacae isolates TECL_1 and TECL_2 by S1-PFGE and Southern
blotting. Salmonella Braenderup strain H9812 was used as the marker by Xbal enzyme digestion. (b) The circular genetic map of pTECL_2-190k-tetX4,
PYPE10-190k-tetX4 (GenBank accession No. CP041449.1), pSZ6R-tetX4 (GenBank accession No. MW940627.1) and pAB4-4-tetX4 (GenBank accession
No. MW940615.1). The arrows on the outer circle represent the genes of replicon, antibiotic resistance, and transposase. The three middle circles
show the similarity of three plasmids harboring tet(X4) with pTECL_2-190k-tetX4. The inner arc represents GC skew curve and the next represents GC
contents. (c) Major structural features of the tet(X4) gene. The blue arrow represents tet(X4). The green arrow represents the transposase of the ISTR
element and the transposase of the AISCR2 element is purple. The number marked on the ruler at the bottom of the picture corresponds to the
nucleotide position on the plasmid.

We collected 590 nonduplicate samples, including 475 pig nasal swabs, 67 pig anal swabs
and 48 staff skin swabs from a pig farm and a slaughterhouse in Guangdong Province. Then
colonies were selected from BHI plate containing 4 mg/L tigecycline after preinoculation and
screened for tet(X4) variants by PCR (7). Finally, we identified two E. cloacae strains TECL 1
and TECL_2 carrying tet(X4). MICs of 14 antimicrobial agents for strains were determined
(Table S1). Both strains were resistant to tigecycline, tetracycline, rifamycin, ampicillin, chlor-
amphenicol and ciprofloxacin. In addition, TECL_1 was resistant to fosfomycin; TECL_2 was re-
sistant to ceftazidime, colistin sulfate, cefotaxime, gentamicin, and trimethoprim-sulfame-
thoxazole. Then the two E. cloacae isolates were subjected to genomic DNA extraction
and whole-genome sequencing. The sequencing reads were assembled into contigs
using SPAdes version 3.10 (8). Antibiotic resistance genes (ARGs) were predicted using
ResFinder v3.2 (9). It showed that TECL_1 harbored nine ARGs including tet(X4), tet(M), aadA2,
aadA22, blargy,qg, qnrS1, Inu(G), Inu(F) and floR. TECL_2 carried 21 ARGs including tet(X4), tet(A),
ant(3")-la, aadA16, aac(6)-b-cr, aac(3)-lid, aph(6)-Id, aph(3)-la, aph(3")-1b, blary., blacys, 0GXA,
0ogxB, gnrS1, Inu(G), fosA, mph(A), sull, sul2, arr-3 and dfrA27.

Previous studies reported that tet(X4) is mostly located on the plasmid in Enterobac-
teriaceae (10, 11). To determine the transferability of tet(X4)-harboring plasmids in E. clo-
acae isolates, we performed the conjugation experiment. It showed that tet(X4) could be
successfully transferred from TECL_1 and TECL_2 into the recipient E. coli J53 by filter
mating. The transconjugants J53/pTECL_1-290k-tetX4 and J53/pTECL_2-190k-tetX4 were
resistant to tigecycline with MIC values of 32 and 16 mg/L, respectively. The tigecycline
resistance of two transconjugants was increased by 128-fold and 64-fold compared with
E. coli J53 (Table S1). Then PCR and Sanger sequencing demonstrated that the
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Replicon Antibiotic resistance gene Metadata
I | | Plasmid Otk eee g Organism Region Source Collection 1

number. date

ESY3626CI 315k CP059044.1 315984 [Escherichia coli China:Sichuan chicken 2020 g{ouzl

PRW7-1 235k @X___MT2198251 235947 Escherichia coli China Wastewater 2009 eroup2
DRTIS-1 294k teiX __ MT2198241 204397 Escherichia coll China carcass 2019 eroup3
pYSPS-1 CPO37911.1 Escherichia coli__ ChinaGuangdong Swine feces 2017 sroupd
human stool
—] PA7EC MKI134376.1 170312 Escherichia coli China swine feces
PSX3G-eXa MW90624.1 57105 Escherichia sp China pork
PYY76-12 CP040929.1 57104 Escherichiacoli  China:Guangdong cow feces 2018
PRE3-1 31K teX  MTI97I111 31287 Escherichia col China ground blood 2019
PSCAR-tetXd MW940620.1 55809 Citrobacter sp. China pork 2019
PHS19-2-te1X4 MW940619.1 57105 Klebsiella sp. China pork 2019
PECOS-X4 MN436006.1 2SI Escherichia coli China pig slaughterhouse 2019
pI916DIS-1 CPO45998.1 59353 Escherichiacoli  China: Henan swine feces 2019
PSZSR-tetXd MW940626.1 31287 Escherichia sp China pork 2019
PECO31_tetX CPO49121.1 50626 Escherichiacoli  China: Zhjiang  human urine sample 2017
PECIZ-X4 MN43600T.1 32074 Escherichia coli China pig slaughterhouse 2019
PHNCFI 1W-tetXd CP0S3047.1 57105 Escherichia fergusonii  China: Henan chicken feces 2019 L
PSHOW-tetX4 MW940622.1 31587 Escherichia sp. China pork 2019
PRF4S-1 31k tetX  MT219821.1 31287 Escherichia coli China swine feces 2019
PSZ11R-tetXd MW940620.1 56939 Escherichia sp China pork 2019
PHS10-1-terXd MWO40618.1 48817 Escherichia sp China pork 2019
PHNIOR-tetX4 MW940616.1 5709 Escherichia sp China pork 2019
PRE14-1_SOK tetX  MT219822.1 5018 Escherichia coli China swine feces 2019
M pCDT422 CPO50046.1 4690 Escherichiacoli  China:Sichuan chicken 2019
PI916D6-2 CPO46002.1 59351 Escherichiacoli  China: Henan swine feces 2019
pCDS8-3-1 CP050037.1 44691 Escherichiacoli __China:Sichuan chicken 2019
PHN3R-tetxd MZOSAIT81 169783 Escherichia coli China pork 2019
PREI4S-1_119k teX ~ MT219818.1 119185 Escherichia coli China swine feces 2019
PRFI48-2_I0IK tetX ~ MT219817.1 101373 Escherichia coli China swine feces 2019
PSZIOR-tetXd MW940628.1 130185 Escherichia sp. China pork 2019
PNTIN2S-tetXd CPO75473.1 14821 Escherichia coli China pig farm 2018
PNTIF25-tetX4 CPO75471.1 122563 Escherichia coli China pig farm 2018
PSTB20-1T CPOS0174.1 97366 Escherichiacoli  China: Jiangsu swine feces 2017
PNTIF34-tetX4 CPO75486.1 130047 Escherichia coli China pig farm 2018
PRWS-I_I22k tetX  MT219826.1 122608 Escherichia coli China wastewater 2019
PREIO-I_I19k tetX ~ MT219823.1 119011 Escherichia coli China swine feces 2019
PCD63-2-1 CPOS0041.1 89748 Escherichiacoli  China:Sichuan broiler chicken 2019
PNTIN2S-tetXd CPO75485.1 115141 Escherichia coli China pig farm 2018
U PRES2-1_119k_tetX  MT219819.1 119180 Escherichia coli China swine feces 2019 groups
PNTIW22-tetXd CPO75470.1 101476 Escherichia coli China pig farm 2018
PNTIFI0-tetXd CPO75463.1 97500 Escherichia coli China pig farm 2018
PNTIN34-tetXd CPO75467.1 103081 Escherichia coli China pig farm 2018
PRFI082 97k tetX  MT219820.1 97526 Escherichia coli China swine feces 2019
PNTIF3 1-etXd CPO45188.1 115253 Escherichiacoli  China: Jiangsu swin feces 2018
PYPEI2-I0Ik-tetX4  CPO41443.1 101987 Escherichiacoli  China: Jiangsu pork 2019
PNTIW25-tetXd CPO75479.1 102128 Escherichia coli China pig farm 2018
psd-tetX CPO41286.1 102347 Escherichia coli China cow feces 2018
PYPE3-92k-tetXd  CPO41453.1 92973 Escherichiacoli  China: Jiangsu pork 2019
PG3X16-2-3 CPO38140.1 138950 Escherichiacoli  China: Guangxi swine feces 2017
PNTIN3I-tetXd CPO75481.1 103246 Escherichia coli China pig farm 2018
PZF31eX-119kb  CPO47460.1 118248 Escherichiacoli _ China: Jiangsu Swine feces 2018
PZF34-tetX-114kb CP047466.1 114813 Escherichiacoli  China: Jiangsu swine feces 2018 group?
PPRS086-tetX CPO80371.1 100261 Escherichia coli _ Pakistan: Faisalabad Tuman 2019
PPKSO074-tetX CPO72807.1 110313 Escherichia coli ~ Pakistan: Faisalabad human urine sample 2019
PPK8261-tetX CPO8O156.1 119081 Escherichia coli  Pakistan: Faisalabad chicken 2020
PPK8277-tetX CPO8O134.1 101760 Escherichia coli  Pakistan: Faisalabad chicken w0
— PPKS275-tetX CPOSO164.1 119081 Escherichia coli  Pakistan: Faisalabad chicken 2020
PPK8S68-tetX CPO80129.1 9184 Escherichiacoli  Pakistan: Faisalabad chicken 2021
PPK8217-tetX CPO80124.1 105596 Escherichia coli  Pakistan: Faisalabad chicken 2021
PPK8S66-tetX CPOS0ITS.1 111556 Escherichia coli_Pakistan: Faisalabad chicken 2020
PABI2-1-tetXd MZ0S4177.1 174429 Escherichia col China pork 2019
P2GS3-etXd MW940614.1 91582 Escherichia sp. China pork 019 &P
PPRE276-1e1X CPOS0147.1 1239 Escherichiacoli _ Pakistan: Faisalabad Chicken 2020
pLHMI0-1 CP037909.1 12783 Escherichiacoli  China:Jiangi swine feces 07
PSHI2R-tetX4 MW940623.1 12806 Escherichia sp. China pork 2019
pHS2- 1-tetXd MW940617.1 12805 Escherichia sp. China pork 2019
PIGEC-9K MN381965.1 9928 Escherichia coli China Swine feces 2018 ___growpl3
PNTT3IXS-etXd  CPO77430.1 78159 Klebsiella aerogenes  China: Jiangsu _ porcine intestinal contents 2020
PSDPIR-tetXd MW940621.1 78159 Kiebsiella sp. China pork 2019 SRl
PPR8241-tetX CPO80140.1 66580 Escherichia coli _ Pakistan: Faisalabad Chicken 2020 growpls
P2ECI-T CPO47572.1 127645 Escherichia coli Singapore uman feces T —
4EC-2 CPO47578.1 134426 Escherichia coli Singapore human feces 2019
PNUITM-VKS mdr  LC633285.1 240546 Klebsiella aerogenes  Viet Nam: Hanoi wastewater 2021 N
| pRFI73-1 87k telX __ MT219816.1 87445 Escherichia coli China swine feces 19 &

FIG 2 The comparison of the publicly available plasmids carrying tet(X4). The average-linkage clustering method was used to cluster 85 plasmids carrying
tet(X4) according to the replicon type. The groups were separated by blue horizontal lines in the figure. The prominent part of the blue block is the group
which pTECL_2-190k-tetX4 belongs. The distribution of all replicon types and antibiotic resistance genes were presented by heatmap. In terms of whether
the corresponding plasmid replicon and antibiotic resistance genes is present in the plasmid, red represents presence and blue represents absence. The
metadata of plasmids is shown on the right of figure, including the name, GenBank accession number, size, and source of plasmids.
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transconjugants carried tet(X4). Furthermore, S1-PFGE and Southern blotting hybridization
revealed that tet(X4) located on plasmids in the size of ~290 kb and ~190 kb in TECL_1
and TECL_2, respectively (Fig. 1a). The results proved that tet(X4) was located on the plas-
mid of E. cloacae isolates, and could be transmitted to other species, causing the spread of
tigecycline resistance in Enterobacteriaceae.

To determine the complete sequences of pTECL_2-190k-tetX4, we combined the
sequencing data from the genomic DNA and the plasmids and closed predicted gaps
within the sequences by PCR and Sanger sequencing using primers listed in Table S2.
Finally, we obtained the complete sequence of pTECL_2-190k-tetX4 from E. cloacae
strain TECL_2. The sequence was analyzed using the method mentioned in the previ-
ous article (12). pTECL_2-190k-tetX4 was a 190,185 bp plasmid with three replicon
types IncFIA, IncHITA and IncHI1B, and encoded 220 predicted ORFs (Fig. 1b). pTECL_2-
190k-tetX4 showed a mosaic structure harboring six ARGs, including tet(X4) along with
ant(3")-la, blaigy.1s Inu(G), floR and gnrS1. The tet(X4) gene, was flanked by a complete
ISTR element and a truncated ISCR2 element. This ISTR element was located at 1099 bp
upstream of tet(X4). The downstream region of tet(X4) was a 223 bp fragment encod-
ing the transposase of ISCR2 element. There is a 136 bp fragment insertion resulting in
the truncation of ISCR2 element. (Fig. 1c). BLASTn of pTECL_2-190k-tetX4 against the
nr database retrieved similar plasmids from different hosts. The plasmid pTECL_2-190-
tetX4 was highly similar with pYPE10-190k-tetX4 isolated from E. coli strain YPE10
(CP041449.1, 99.96% identity at 100% coverage) (13), pSZ6R-tetX4 isolated from
Citrobacter braakii strain SZ6R (MW940627.1, 99.92% identity at 100% coverage) (14)
and pAB4-4-tetX4 isolated from Klebsiella pneumoniae strain AB4-4 (MW940615.1,
99.92% identity at 100% coverage) (14). The result indicated that the pTECL_2-190k-
tetX4-like plasmid might have been widely spread in different species of
Enterobacteriaceae.

It was reported that the plasmid carrying tet(X4) showed structure diversity (15). We
compared all the known tet(X4)-carrying plasmids and tried to clarify the prevalence of
plasmids carrying tet(X4), especially the pTECL_2-190k-tetX4-like plasmid. BLASTn of
the tet(X4) gene identified 90 publicly available tet(X4)-carrying plasmids, as of 7
August 2021. We excluded three transconjugative plasmids, one plasmid with the
sequence of repeated uploads and two plasmids without replicon sequence. The
remaining 84 complete plasmid sequences were compared with pTECL_2-190k-tetX4
(Fig. 2). The 85 plasmids carrying tet(X4) were clustered 17 types of plasmid group by
the different replicon types. pTECL_2-190k-tetX4-like plasmids (at least 99.91% identity
at 92% coverage with pTECL_2-190k-tetX4) are one of the dominant type of plasmids
harboring tet(X4) (n = 12). The size of the plasmids is about 200 kb. Besides tet(X4),
multiple ARGs were co-existed in these plasmids such as floR, gnrS1, bla;gy..s ant(3")-la
and Inu(F) (Table S3). Strains carrying pTECL_2-190k-tetX4-like plasmid have been
found from swine, pet dog and chicken in China, indicating that this type of plasmid
has disseminated widely in animals in China (Fig. 2). E. cloacae TECL_2 was isolated
from a pig farm in Guangdong Province, indicating the transmission range of the plas-
mid in China has been further expanded. In addition, it is noteworthy that the host
bacteria of this plasmid are diverse, such as E. coli, E. cloacae, S. enterica, K. pneumoniae
and C. braakii, indicating this plasmid has strong host adaptability.

In conclusion, the identification of two tet(X4)-positive E. cloacae isolates indi-
cates that the host range of tet(X4) has been further expanded. In addition, the
widespread of pTECL_2-190k-tetX4-like plasmid in Enterobacteriaceae must be
concerned.

Data availability. This complete sequence for pTECL_2-190k-tetX4 has been de-
posited in GenBank under the accession number MZ773210.1.
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